Abstract. Interleukin (IL)-1β serves an important role in the promotion of the growth of osteoarthritis (OA) lesions. Paeoniflorin (PF) has been identified to exert anti-inflammatory and anti-arthritic effects. However, it is uncertain whether PF may affect the expression levels of inflammatory mediators in OA chondrocytes. Therefore, the objective of the present study was to determine the effects of PF on the expression levels of inflammatory mediators in IL-1β-stimulated human OA chondrocytes. The results of the present study determined that PF inhibited the production of nitric oxide and prostaglandin E2 induced by IL-1β, and the expression of inducible nitric oxide synthase and cyclooxygenase-2 in chondrocytes. Additionally, PF significantly inhibited the IL-1β-stimulated production of metalloproteinase-3 (MMP-3) and MMP-13 in chondrocytes. PF inhibited the expression of nuclear factor-κB (NF-κB), p65 and NF-κB inhibitor α degradation was induced by IL-1β in chondrocytes. The results of the present study suggest that PF may inhibit IL-1β-induced expression of inflammatory mediators in human OA chondrocytes by suppressing the activation of the NF-κB signaling pathway. Therefore, PF may be a potential agent in the future treatment of OA.
Introduction
Osteoarthritis (OA) is a degenerative disease of the joints that may lead to progressive cartilage damage, osteophyte formation and subchondral bone sclerosis, that may cause pain and loss of movement (1) . OA affects >50% of people over the age of 65 and is a highly debilitating disease (2) . Although nonsteroidal anti-inflammatory drugs have been used clinically to treat OA, these agents ameliorate the clinical symptoms without suppressing the progression of the disease (3).
Therefore, investigation of safer and better tolerated agents for the treatment of OA is required.
Previous studies have revealed that pro-inflammatory cytokines, including interleukin (IL)-1β, serve a critical role in the pathogenesis of OA (4) (5) (6) . In response to IL-1β upregulation, chondrocytes secrete matrix metalloproteinases (MMPs), which induce chondrocyte apoptosis and inhibit extracellular matrix (ECM) biosynthesis (7) . IL-1β also induced the expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) (8) , which may lead to the elevated production of prostaglandin E2 (PGE2) and nitric oxide (NO), respectively.
Paeoniflorin (PF) is a monoterpene glycoside extracted from the root of Paeonia lactiflora Pall. Previous studies have indicated that PF has a protective effect on various pathological states, including tumor growth, oxidative stress, inflammation, and myocardial infarction (9-12). Liu et al (13) reported that PF pretreatment inhibited amyloid β1-42-induced production of tumor necrosis factor α, IL-1β and IL-6 in rodent microglia. Additionally, PF exhibits an anti-arthritic effect. It was reported that PF reduced the levels of inflammatory cytokines and alleviated rheumatoid arthritis in collagen-induced arthritis (14) . However, it remains to be elucidated whether PF affects inflammatory responses in OA chondrocytes. Therefore, the objective of the present study was to investigate the effects of PF on inflammatory responses in OA chondrocytes.
Materials and methods

Tissue collection and human articular chondrocytes culture.
Osteoarthritis cartilage tissues were obtained from 10 patients (all female; age, 63±5 years) with OA that underwent total knee joint replacement between July and December 2014, at the Affiliated Hospital of Shandong University (Jinan, China). The present study was performed following a protocol approved by Medical Ethical Committee of the Institute of Orthopedics, Xijing Hospital, Fourth Military Medical University (Xi'an, China) and all examinations were performed after written informed consent was obtained from the patients.
Chondrocytes were isolated from cartilage as previously described (15) . The whole articular cartilage was minced into pieces ~0.5 cm 2 . Following enzymatic digestion with 2 mg/ml pronase in serum-free Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, Paeoniflorin inhibits IL-1β-induced expression of inflammatory mediators in human osteoarthritic chondrocyte MA, USA) containing 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 2 h at 37˚C in 5% CO 2 atmosphere, the specimens were then digested with 0.2% (v/v) collagenase I for 4 h at 37˚C. Primary chondrocytes were cultured at a density of 1x10 5 cells/ml in petri dishes in monolayer culture for a period of 24 h at 37°C with 5% CO 2 , and chondrocytes in passages 5 to 9 were used.
Cell viability. Cell viability was quantified by a Cell Counting Kit-8 assay (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Human chondrocytes (1x10 4 cells/well) in 96-well plates were pretreated with 10, 50 and 100 µg/ml PF (Sigma-Aldrich; Merck KGaA) for 2 h at 37˚C and subsequently co-incubated in the absence or presence of 10 ng/ml IL-1β (Sigma-Aldrich; Merck KGaA) at room temperature for 24 h. Then, CCK-8 reagents were added and incubated with the cells for 1 h at 37˚C. The spectrophotometric absorbance was quantified at 490 nm on a multifunctional microplate reader (Tecan Group Ltd., Durham, NC, USA).
Nitric oxide (NO) and prostaglandin E2 (PGE2) quantification.
NO levels in the culture medium were detected by Griess reaction, as previously described (16) . PGE2 levels were investigated using a commercially available ELISA kit, according to the manufacturer's protocol (KHL1701; Invitrogen; Thermo Fisher Scientific, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from human chondrocytes using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Total RNA (5 µg) for each sample were reverse transcribed into first strand cDNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to manufacturer's protocol for subsequent qPCR analysis. qPCR was performed in a final volume of 10 µl, which contained 5 µl of SsoFast™ EvaGreen Supermix (Bio-Rad Laboratories, Inc.), 1 µl of cDNA (1:50 dilution) and 2 µl of the forward and reverse primers (1 mM). The following specific primer sequences were used: iNOS, sense 5'-TTTCCAAGACACACTTCACCA-3', antisense 5'-ATCTCCTTTGTTACCGCTTCC-3'; sense COX-2 5'-GAGAGATGTATCCTCCCACAGTCA-3', antisense 5'-GACCAGGCACCAGACCAAAG-3'; and for β-actin, sense 5'-AGAAGGCTGGGGCTCATTTG-3', antisense 5'-AGGGGCCATCCACAGTCTTC-3'. Thermocycling conditions were as follows: 94˚C for 5 min; subsequently 35 cycles at 94˚C for 1 min, 59˚C for 15 sec and 72˚C for 30 sec; followed by 72˚C for 10 min. qPCR data was calculated by the 2 -ΔΔCq method (17) .
Western blotting. Chondrocytes were washed twice with ice-cold PBS and sonicated with lysis buffer (Takara Biotechnology Co., Ltd., Dalian, China), the cell lysate supernatants were harvested by centrifugation at 10,000 x g for 10 min at 4˚C. The protein concentrations of the cell supernatants were then quantified using Bradford protein dye reagent (Bio-Rad Laboratories). Proteins (30 µg/lane) were separated by 12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Boston, MA, USA). The membranes were incubated with appropriate primary antibodies for iNOS (1:2,000; sc-7271), COX-2 (1:3,000; sc-19,999), nuclear factor (NF)-κB p65 Figure 2 . PF inhibits the production of nitric oxide and PGE2 in IL-1β-stimulated osteoarthritis chondrocytes. Chondrocytes at a density of 1x10 5 cells/well were pretreated with 10, 50 or 100 µg/ml PF 2 h prior to 10 ng/ml IL-1β for 24 h. (A) Nitric oxide levels in the culture medium were assessed by Griess reaction. (B) PGE2 levels were determined using a commercial ELISA kit. At least three independent experiments were performed. Chondrocytes at a density of 1x10 4 cells/well were pretreated with 10, 50 or 100 µg/ml PF for 24 h and a Cell Counting Kit-8 assay was used to evaluate cell viability. At least three independent experiments were performed. PF, paeoniflorin.
(1:1,500; sc-8008), inhibitor of κB (IκBα) (1:3,000; sc-1643) and GAPDH (1:3,000; sc-59540) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. The membranes were subsequently washed with PBS containing 0.1% (v/v) Tween 20 and incubated with horseradish peroxidase-conjugated secondary antibodies (1:2,500; sc-2005; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, followed by exposure using enhanced chemiluminescence detection reagents (Gibco; Thermo Fisher Scientific, Inc.). BandScan version 5.0 (Glyko, Inc., Novato, CA, USA) was used for the quantification of all the proteins following western blot analysis.
Enzyme-linked immunosorbent assay (ELISA).
Culture medium was collected for ELISA assay. MMP-3 and MMP-13 levels were quantified using ELISA kits for human MMP3 and MMP13 (KAC1541 and EHMMP13; both from Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol.
Statistical analysis. The quantitative data are expressed as the mean ± standard deviation. Statistical significance was assessed by the one-way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference. 
Results
Effect of PF on viability of human OA chondrocytes.
Human OA chondrocytes were incubated with 0, 10, 50 and 100 µg/ml PF for 24 h, and the cell viability was determined using a CCK-8 assay (Fig. 1) . At concentrations of 10, 50 and 100 µg/ml, PF induced no cytotoxic effects in human OA chondrocytes.
Effect of PF on NO and PGE2 production in IL-1β-stimulated chondrocytes.
Subsequently the effects of PF on NO and PGE2 production in IL-1β-stimulated human OA chondrocytes were investigated. As indicated in Fig. 2 , IL-1β significantly increased the production of NO and PGE2 compared with the control group (P<0.05). However, treatment with PF significantly inhibited NO and PGE2 production induced by IL-1β in human OA chondrocytes (P<0.05).
Effect of PF on iNOS and COX-2 expression levels in IL-1β-stimulated chondrocytes.
The effect of PF on iNOS and COX-2 mRNA and protein expression levels in IL-1β-induced chondrocytes were evaluated by RT-qPCR and western blot analysis. As presented in Fig. 3A and B, IL-1β treatment significantly increased the mRNA expression levels of iNOS and COX-2 (P<0.05) compared with the control. However, Figure 4 . PF inhibits the production of MMP-3 and MMP-13 in IL-1β-stimulated osteoarthritis chondrocytes. Chondrocytes at a density of 1x10 5 cells/well were pretreated with 10, 50 or 100 µg/ml PF 2 h prior to 10 ng/ml IL-1β for 24 h. ELISA was performed to determine the production of (A) MMP-3 and (B) MMP-13 in chondrocytes. At least three independent experiments were performed. Chondrocytes at a density of 1x10 5 cells/well were pretreated with PF for 24 h and then stimulated with 10 ng/ml IL-1β for 1 h. (A) The protein levels of NF-κB p65 and IκB-α were assessed by western blot analysis. The relative protein expression levels of (B) NF-κB p65 and (C) IκB-α were quantified using BandScan 5.0 software and normalized to GAPDH. At least three independent experiments were performed. * P<0.05 vs. control; # P<0.05 vs. IL-1β. NF-κB, nuclear factor κB; IκB-α, inhibitor of κB; PF, paeoniflorin; IL-1β, interleukin 1β. treatment with PF significantly inhibited IL-1β-induced expression of iNOS and COX-2 in chondrocytes (P<0.05). Western blot analysis demonstrated that PF also inhibited the protein expression levels of iNOS and COX-2 induced by IL-1β in human OA chondrocytes (P<0.05; Fig. 3C and D) .
Effect of PF on production of MMPs in IL-1β-stimulated chondrocytes.
It is established that MMPs perform a critical role in bone remodeling and OA; therefore, the present study investigated the effect of PF on MMP-3 and MMP-13 production in IL-1β-induced chondrocytes. As presented in Fig. 4 , chondrocytes stimulated with IL-1β exhibited significantly increased levels of MMP-3 and MMP-13 compared with the control group (P<0.05). However, treatment of chondrocytes with PF significantly reduced the production of MMP-3 and MMP-13 induced by IL-1β in human OA chondrocytes (P<0.05).
Effect of PF on NF-κB activation in IL-1β-stimulated chondrocytes.
In order to further understand the anti-inflammatory mechanisms of PF, the present study examined the level of NF-κB p65 expression in IL-1β-stimulated chondrocytes. As indicated in Fig. 5 , the protein expression level of NF-κB p65 in the nucleus of chondrocytes was significantly increased by IL-1β compared with the untreated control (P<0.05). However, PF significantly suppressed the expression of NF-κB p65 (P<0.05; Fig. 5B ). Additionally, PF inhibited IL-1β-induced IκB-α degradation in human OA chondrocytes (P<0.05; Fig. 5C ).
Discussion
Inflammatory cytokines serve important roles in the pathogenesis of OA. The results of the present study indicate that pretreatment with PF inhibited the production of NO and PGE2 induced by IL-1β, and the expression of iNOS and COX-2 in chondrocytes. Pretreatment with PF also significantly inhibited the IL-1β-stimulated production of MMP-3 and MMP-13 in chondrocytes. Furthermore, PF inhibited the expression of NF-κB p65 and IκB-α degradation induced by IL-1β in OA chondrocytes.
NO is an inflammatory mediator, which is produced by iNOS. PGE2 is also an inflammatory factor, which is elevated by COX-2. Increased serum levels of NO and PGE2 have been previously observed in patients with OA (18, 19) . Additionally, IL-1β has been identified as a potent inducer of iNOS and COX-2 in cultured chondrocytes in vitro (8) . The present study determined that PF inhibited the production of NO and PGE2 induced by IL-1β and the expression of iNOS and COX-2 in chondrocytes. These results are supported by Guo et al (20) , that determined treatment with PF reduced the protein expression levels of iNOS and COX2 and 5-lipoxidase in the brain of transient middle cerebral artery occlusion rats (20). The results of the present study suggest that the inhibition of NO and PGE2 by PF may be associated with the regulation of the expression levels of iNOS and COX-2 in chondrocytes.
Previous studies indicated that an excess of MMPs may have an important role in the progression of OA, as they are proteolytic enzymes, in OA progression they may be associated with their ability to degrade the ECM (20-23). MMP-3 and MMP-13 are important for degrading collagens, proteoglycans and other ECM macromolecules in chondrocytes. MMP-3 may aggravate inflammation via the activation of various pro-MMPs and cleaves extracellular components (24) . MMP-13 may also degrade the ECM, including the cartilage-specific component type II collagen during the progression of OA (25) . The present study determined that PF may inhibit IL-1β-induced production of MMP-3 and MMP-13 in human OA chondrocytes. Therefore, the results of the present study revealed that PF exerted an anti-arthritic effect via inhibition of the MMP-3 and MMP-13 expression levels.
Among multiple pathways and mediators influencing the development of OA, NF-κB transcription factor has a prominent role (16, 26, 27) . It has been reported that IL-1β may activate NF-κB via triggering of IκBα degradation, leading to the translocation of NF-κB p65 from cytoplasm to nucleus to regulate the expression of various inflammation-associated genes (28) . Additionally, it was previously reported that NF-κB may stimulate the expression level of enzymes, such as iNOS and COX-2 in chondrocytes and the products of these enzymes may contribute to the pathogenesis of OA (29) . The NF-κB inhibitor has been identified to reduce IL-1β-induced MMP-3 and MMP-13 production in human chondrocytes (30) . The present study determined that PF inhibited the expression of NF-κB p65 and IκB-α degradation induced by IL-1β in chondrocytes. The results of the current study are partly supported by Wu et al (31) , that determined that PF may suppress NF-κB activation through modulation of IκB-α in human gastric carcinoma cells. In a recent study, PF was also identified to block nuclear translocation of NF-κB p65 in lipopolysaccharide-stimulated RAW264.7 mouse macrophage cells (32) . These previous results combined with the present study suggest that PF may inhibit IL-1β-induced expression of inflammatory mediators by suppressing the activation of the NF-κB signaling pathway in human OA chondrocytes.
In conclusion, the results of the present study suggest that PF may inhibit the expression of inflammatory mediators in IL-1β-induced OA chondrocytes by suppressing the activation of the NF-κB signaling pathway. Therefore, PF may be a potential therapeutic agent for the future treatment of OA.
